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A B S T R A C T

Cellulosic materials are considered good alternatives to conventional plastics in packaging applications, as they
are renewable, bio-based and biodegradable, having good mechanical properties at relatively low densities.
However, when considering production methods, cellulose has limitations. The possibility of exploiting the
production methods of conventional plastics, such as melt processing, is precluded because cellulose decomposes
before reaching melting. Lowering the glass transition, partial modification of cellulose pulp to dialcohol cel-
lulose (DAC) fibres enabled a melt processability window between the glass transition and decomposition
temperatures. Water was successfully used as an aid for DAC melt processing, but the final material properties are
strongly influenced by the residual moisture content, which varies depending on the environmental conditions
(temperature and relative humidity). This work aims to explore the addition of glycerol, a less volatile green
plasticizer, to control the processability and physical properties of DAC-based materials. Materials containing
different moisture and glycerol contents were melt compounded and the effect on the melt processability was
evaluated by the in-line melt viscosity during the process. The effect of different initial moisture and glycerol
contents on thermal decomposition, thermal transitions, thermomechanical and mechanical properties and
surface morphology has been investigated. The addition of glycerol allows for improved melt processability,
decreased elasticity and enhanced deformability up to a maximum glycerol content. An excess of glycerol leads
instead to a neat fall in mechanical properties and thermal stability. The possibility of post-industrial mechanical
recycling was also demonstrated and the effect on the thermal decomposition and mechanical properties
assessed.

1. Introduction

By 2017, the total global production of plastic had reached 8.3
billion metric tons, with projections indicating a potential increase to 34
billion metric tons by 2050 [1]. The highest demand for disposable food
packaging products has been identified as a significant contributor to
this growth [2]. The utilisation of fossil-based plastics is giving rise to
significant environmental concerns, primarily due to the inadequacy of
current recycling methods and the long degradation life of these mate-
rials [3]. The development of biodegradable plastics derived from
renewable resources, owning favourable mechanical properties, high
versatility, low-energy and low-cost production methods is of interest as
an alternative to traditional plastics [4]. Of the total global plastic

production, just a small part accounts for bioplastic production (~ 1 wt.
%), which, however, is undergoing a period of growth; it is anticipated
that the capacity for bioplastic production will increase significantly,
from approximately 2.18 million tonnes in 2023 to an estimated 7.43
million tonnes by 2028 [5].

Cellulose, the world’s most abundant biopolymer, offers a promising
sustainable alternative to traditional plastic materials, helping to
address the environmental issues linked to single-use plastics [6]. The
molecular structure of cellulose is composed of glucose units connected
by β− 1,4 glycosidic bonds [7]. In addition to being biodegradable and
renewable, cellulose has a complex hierarchical structure that extends
from the nanoscale to the macroscale, offering excellent mechanical
properties while maintaining a relatively low density [4]. The
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development of a hierarchical structure is primarily influenced by the
strong intermolecular forces between cellulose chains [8,9]. However,
these forces hinder the use of conventional plastic production methods,
e.g.melt processing, as cellulose-based materials start to decompose well
before reaching a molten state [4,10]. The melt processing of cellulose
represents a solvent-free, cost-effective, and energy-efficient production
method that could enable the fabrication of complex 3D-shaped pack-
aging materials with a wide range of potential applications [11]. Cel-
lulose melt processing could be obtained by developing solutions that
allow the loosening of the intermolecular interactions. Chemical modi-
fication of hydroxyl groups would allow for the partial disruption of the
mutual interactions between cellulose chains, enabling the material to
have a thermoplastic behaviour (appearance of a glass transition tem-
perature Tg before decomposition) [4]. The melt processing of the most
commonly used cellulose derivatives (chemical modification by esteri-
fication and etherification [12]) is highly dependent on the degree of
substitution and remains challenging because of a narrow gap between
glass transition and decomposition temperatures [13,14]. High degrees
of substitution, resulting in greatly reduced crystallinity, and large
quantities of plasticizers are required to allow melt processability. These
features reduce the viscosity during the processing and result in a
lowering of the final mechanical properties.

Cellulose chemical modification to dialcohol cellulose (DAC) fibres
has shown some advantages compared to the commonly used cellulose
derivatives. The modification is obtained by an oxidation reaction with
sodium periodate, which can selectively break the C2–C3 bonds in the
glucopyranose backbone of cellulose, and by the following reduction

with sodium borohydride which converts the so formed aldehydes into
hydroxyl groups (Fig. 1a) [15]. The opening of the glucopyranose ring in
cellulose structure allows for improved cellulose chain mobility [16].
Considering the degree of modification (DOM) as the percentage of open
C2–C3 bonds, a decrease in cellulose crystallinity is observed by
increasing the DOM [17]. The modification from crystalline cellulose to
amorphous DAC is hypothesised to progress gradually from the fibres
surface towards their inner core, creating a core-shell structure (Fig. 1a)
[18] capable of retaining some of the crystallinity of the native cellulose,
and thus the mechanical properties. It has also been demonstrated that
increasing the DOM enables a reduction in the glass transition temper-
ature (Tg) assessed by differential scanning calorimetry (DSC) and
dynamic-mechanical analysis (DMA), implying a widening of the pro-
cessing window [16]. Despite the establishment of a Tg, the addition of a
plasticizer is still necessary to favour the DAC melt processability. The
addition of a plasticizer would serve as a spacer between the DAC chains,
reducing their mutual interactions and resulting in a reduction in ma-
terial’s Tg. This would improve the melt processability but also the
deformability, reducing rigidity [19]. Water has been successfully used
as a temporary plasticizer, as an aid to improve DAC melt processability
[11,20–22]. Water has the advantages of being a green, non-toxic,
abundant and cheap plasticizer; however, its evaporation during pro-
cessing is energy demanding and its content varies during storage, so
that material’s properties vary widely according to the surrounding
conditions, e.g., humidity and temperature [23].

A minimal retention of 30 wt.% of moisture is required for a stable
secondary shaping of DAC [11]. Therefore, this work aims to investigate

Fig. 1. Chemical modification of cellulose fibres into DAC fibres and their interactions with glycerol molecules (a). Schematic melt processing design (b) and in-line
melt viscosity during melt compounding (c) of the materials melt compounded with different moisture (60, 12 and 6.5 phr) and glycerol (0,8,18,28, 40 phr) contents.
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the possibility of partially substituting water with a less volatile green
plasticizer to enable a stable secondary melt processing, e.g. injection
moulding, and to reduce the material’s properties dependence on
external environmental conditions. Glycerol is one of the most widely
used plasticisers for cellulose and its derivatives [24], but also for other
polysaccharides like starch [24–29] and chitosan [30]. Glycerol has
many advantages as it is biodegradable, heat resistant and non-toxic
[31]. Its chemical structure, composed of three hydroxyl groups, and
its small size allow it to interact easily with cellulose chains, reducing
their mutual bonds (Fig. 1a). Due to its hygroscopicity, glycerol can also
easily interact with water [23,32,33]. Water and glycerol have been
used for DAC plasticization during melt compounding and secondary
3D-shaping with injection moulding. The effect of the addition of
varying moisture and glycerol contents on different material properties
has been investigated. Additionally, the mechanical recycling of the
material melt compounded with the highest moisture and glycerol
contents has been performed after pellets conditioning (7 days at 23 ◦C
and 50% RH), and the reprocessing effect has been studied on materials
properties. The improvement in melt processability has been evaluated
with in-line melt viscosity during melt compounding, thermal stability
with a thermal gravimetric analysis (TGA), chemical interactions be-
tween the components with infrared spectroscopy (ATR-FTIR), thermal
transitions with temperature modulated differential scanning calorim-
etry (MDSC), mechanical properties with tensile test, viscoelastic
behaviour with dynamic thermal mechanical analysis (DMTA) and
cryo-fractured surface morphology with scanning electron microscopy
(SEM).

2. Materials and methods

2.1. Materials

DAC with a 46% DOM, derived from bleached softwood kraft pulp
fibres (K48), was kindly supplied by SCA Forest Products (Östrand pulp
mill, Timrå, Sweden) in form of sheets (at equilibrium moisture content
of 6 wt.%). The chemical modification was obtained following the
method reported by Larsson et al. [17,34]. Sodium periodate was used to
partially oxidize cellulose into dialdehyde cellulose, breaking the C2–C3
bond in the glucopyranose ring. The oxidation was followed by a
reduction using sodium borohydride to reduce the aldehyde groups into
alcohol groups. The degree of modification (DOM) was assessed by the
aldehyde content after periodate oxidation applying a well-established
protocol based on a reaction with hydroxylamine hydrochloride [35].
Deionized water and glycerol (Sigma Aldrich), used as received, were
mixed and added to the sheets.

2.2. Evaluation of the moisture content

The materials moisture content, evaluated after each processing step,
was assessed by drying samples for 48 h in an oven at 70 ◦C. Weight loss
was monitored every 6 h and already after 36 h no weight changes were
recorded supporting our choice of drying the material for 48 h to
determine the water content at equilibrium. Measurements were per-
formed in triplicates and reported as mean values.

2.3. Melt processing of DAC + water + glycerol systems: compounding
and injection moulding

Different materials were obtained by changing both moisture and
glycerol contents. For some materials, the moisture content was fixed
(60 parts per 100 parts of dry DAC) while the glycerol content increased
(0, 8, 18, 28 and 40 parts per 100 parts of dry DAC). The mixtures were
prepared by dissolving the selected amount of glycerol in the chosen
amount of water; the solutions were then poured on the DAC fibre
sheets. The mixtures were stored in sealed bottles for 24 h to allow the
fibres to absorb water, or water/glycerol solutions, or glycerol alone

while limiting water evaporation before the melt compounding. The
melt compounding was performed in a micro-compounder (Xplore,
Maastricht, The Netherlands). The following processing conditions were
used: temperature of the micro-compounder (100 ◦C), residential time
(15 + 5 min), screw speed (15 + 60 rpm), and amount of solid material
to compound (glycerol + DAC = 20 g). After the extrusion of the ma-
terial containing the highest glycerol content (40 parts per 100 parts of
dry DAC), the pellets were conditioned for 7 days at 23 ◦C and 50 %
relative humidity (RH). The pellets weight was monitored every 12 h
and already after 4 days no further weight change was observed, indi-
cating the achievement of the equilibrium conditions. To ensure the
achievement of the equilibrium state, 7 days have been selected as the
conditioning time. After the conditioning, the pellets were reprocessed
in the same conditions selected for the other materials, starting from the
equilibrium moisture content for that sample (12 parts per 100 parts of
dry DAC at 23 ◦C and 50 % relative humidity (RH)). For one last ma-
terial, the highest selected glycerol content (40 parts per 100 parts of dry
DAC) was directly added to the DAC sheets without the addition of
external water (DAC equilibrium moisture content of 6.5 parts per 100
parts of dry DAC at 23 ◦C and 50 % relative humidity (RH)).

Table 1 reports the different glycerol contents before compouding,
the moisture content before compounding and the water loss during
compounding. In the nomenclature, the first number is associated with
the moisture content before compounding (expressed as parts per hun-
dred parts of resin, phr) while the second to the glycerol content before
compounding (expressed as parts per hundred parts of resin, phr).

The injection moulding was performed in a micro-injection moulding
(Xplore, Maastricht, The Netherlands), right after the compounding to
maintain the same moisture content possessed by the extruded material.
The following parameters were used for the injection moulding: tem-
perature of the injector (125 ◦C), temperature of the mould (30 ◦C) and
pressure imposed on the material (7 bar for 25 s). Rectangular shaped
specimens were produced for dynamic thermal mechanical analyses (25
× 5 × 1 mm3) and dumbbell-shaped specimens for tensile tests (with a
gauge length of 25 mm and a thickness of around 2 mm, according to the
standard ASTM D638− 14).Table 2 reports the moisture content before
and after the injection and the final moisture and glycerol content after
conditioning of the materials (after 7 days at 23 ◦C and 50 RH%)
(expressed as parts per hundred parts of resin, phr).

2.4. In-line melt viscosity

During the compounding, the micro-compounder registered the
torque imposed on the co-rotating screws, and from these values, the
equipment software calculated the melt viscosity according to Eq. (1).

η =
τ
ϔ

(1)

Table 1
Glycerol content before compounding, moisture content before compounding
and water loss during compounding. In the acronyms, the first number is asso-
ciated with the moisture content before compounding (phr) and the second to
the glycerol content before compounding(phr).

Material Glycerol
content [phr]

Moisture content before
compounding [phr]

Water loss
compounding [g]

60 DAC / 60 ± 3 4.8 ± 2.9
60 DAC-8gly 8 ± 1 60 ± 3 3.5 ± 2.6
60 DAC-
18gly

18 ± 1 60 ± 3 2.5 ± 2.5

60 DAC-
28gly

28 ± 1 60 ± 3 2.3 ± 2.3

60 DAC-
40gly

40 ± 1 60 ± 3 2.2 ± 2.2

6.5 DAC-
40gly

40 ± 1 6.5 ± 1 /

12 DAC-
40gly_rep

40 ± 1 12 ± 1 /
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Where ϔ is the shear rate (recorded by the equipment) and τ is the
shear stress (proportional to the torque).

2.5. Thermal gravimetric analysis (TGA)

A thermal gravimetric analysis (TGA) was performed using a TGA/
differential scanning calorimetry (DSC) 3 + Star system (Mettler Toledo,
Greifensee, Switzerland). 4–5 mg of the materials were first heated for
60 min at 105 ◦C to let most of the water evaporate and then a tem-
perature ramp from 105 ◦C to 500 ◦C was performed with a heating rate
of 10 ◦C/min. Measurements were performed under dry N2 gas Mea-
surements were performed in duplicates. The materials, before being
tested, were conditioned for 7 days at 23 ◦C and 50 RH%.

2.6. Attenuated total reflection-Fourier transformed infrared (ATR-FTIR)

ATR-FTIR spectra of the samples were acquired with a Frontier FT-IR
Spectrometer in ATR mode (Perkin Elmer, Shelton, Connecticut). 32
scans were performed from 4000 to 400 cm-1 with a resolution of 4 cm–1.
Measurements were performed in duplicates. The materials, before
being tested, were conditioned for 7 days at 23 ◦C and 50 RH%.

2.7. Modulated Differential Scanning Calorimetry (MDSC)

Modulated Differential Scanning Calorimetry (MDSC) tests were
performed with a Q20 DSC (TA Instruments, USA) on samples of ca. 9
mg in closed aluminium pans with perforated lids. By overlapping
temperature periodic oscillations on a constant heating/cooling rate,
this approach enables the separation of the total heat flow into the
reversing heat flow, associated with the changing heating rate (heat
capacity related events) and the non-reversing heat flow, associated
with the time and temperature dependent component. The average
heating rate was set at 2 ◦C/min, the temperature modulation period at
80 s, the temperature modulation amplitude at ± 0.4 ◦C in a tempera-
ture range between –20 and 110 ◦C. Measurements were performed
under dry N2 gas. Measurements were performed in duplicates. The
second heating was considered to study the thermal transitions. The
materials, before being tested, were conditioned for 7 days at 23 ◦C and
50 RH%.

2.8. Dynamic mechanical thermal analysis (DMTA)

DMTA was performed with a Q800 DMA (TA Instruments, New
Castle, Delaware) operating in the tensile mode. The oscillation fre-
quency and amplitude were 1 Hz and 10 μm, respectively, and tem-
perature scans were performed at a rate of 3 ◦C/min in the temperature
range of − 20–150 ◦C. Measurements were performed in triplicates. The
materials, before being tested, were conditioned for 7 days at 23 ◦C and
50 RH%.

2.9. Tensile test

Dumbbell shaped specimens were tested for each material, with a
Zwick/Z2.5 tensile tester (Zwick, Germany) equipped with a load cell of

2 kN and at a strain rate of 10%. The Zwick testXpert software was used
to record force and crosshead travel data. Measurements were per-
formed in triplicates. The materials, before being tested, were condi-
tioned for 7 days at 23 ◦C and 50 RH%.

2.10. Scanning electron microscopy

The cryo-fractured surface’s morphology of the different materials
was investigated using a Scanning Electron Microscope ZEISS EVO 15
model (ZEISS, Oberkochen, Germany) with an imaging beam voltage of
20eV. Samples were gold sputtered before imaging.

3. Results and discussion

3.1. Melt processability

Under the rational of favorable hydrogen bonding interactions, neat
and glycerol plasticized DAC (Fig. 1a) materials were melt processed by
using water as a processing aid [11]. Melt processing, i.e. melt com-
pounding and injection moulding, was successfully carried out accord-
ing to the chosen process design (Fig. 1b) on all selected compositions
(Table 1). The visual aspect of both the extruded and injection moulded
materials is not affected by the composition, therefore representative
images after compounding and after injection moulding of 60
DAC-40gly are reported. A decrease in-line melt viscosity during the
residential time in the extruder (5 min) was registered by increasing the
glycerol content on the DAC moisturized at 60 phr of water (Fig. 1c),
resulting in improved melt processability.

However, the melt viscosity does not progressively decrease
increasing the glycerol content; above a certain glycerol addition (con-
tents higher than 18 phr) the melt viscosity does not change signifi-
cantly. This could be ascribed to the creation of continuous glycerol
layer on DAC fibre surfaces which hinders their mutual interactions.
Therefore, adding an excess of glycerol is not beneficial for improving
the melt processability.

It is worth focusing on the results observed for the materials melt
compounded with the same glycerol content (40 phr). The addition of
water leads to a significant reduction in melt viscosity during com-
pounding for 60 DAC-40gly compared to 6.5 DAC-40gly. In addition, the
presence of water during the 60 DAC-40gly compounding would prob-
ably allow a uniform distribution between DAC and glycerol, so that the
conditioned pellets can be reprocessed (12 DAC-40gly_rep) with signif-
icantly lower melt viscosities compared to 6.5 DAC-40gly. Due to the
lower initial moisture content, 12 DAC-40gly_rep shows higher viscos-
ities during compounding compared to 60 DAC-40gly, but this increase
is lower compared to the viscosity values of 6.5 DAC-40gly.

Higher melt viscosities are associated with higher shear forces
applied to the DAC fibres during compounding, which could result in
different material properties after extrusion, evaluated in more detail in
Section 3.5.2.

The water loss during compounding (Table 1) is found to decrease as
the glycerol content is increased. This reduction may be attributed to the
interactions between water molecules and the hygroscopic glycerol [23,
32,33], which prevent water evaporation. These considerations may

Table 2
Variation of the moisture content before and after the injection, moisture content and glycerol content after the conditioning (* 7 days at 23 ◦C and 50% RH) (expressed
in phr).

Material Moisture content before injection [phr] Moisture content after injection [phr] Moisture content* [phr] Glycerol content* [phr]

60 DAC 48 ± 3 45 ± 3 6.5 ± 1 /
60 DAC-8gly 47 ± 3 45 ± 3 7 ± 1 8 ± 1
60 DAC-18gly 50 ± 3 48 ± 3 9 ± 1 18 ± 1
60 DAC-28gly 50 ± 3 50 ± 3 11 ± 1 28 ± 1
60 DAC-40gly 48 ± 3 46 ± 3 12 ± 1 40 ± 1
6.5 DAC-40gly 6.5 ± 1 6.5 ± 1 12 ± 1 40 ± 1
12 DAC-40gly_rep 12 ± 1 12 ± 1 12 ± 1 40 ± 1
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also be linked to the slight increase in equilibrium moisture content
observed after conditioning, which appears to be proportional to the
increase in glycerol content [30,36,37]. It is worth to note that starting
from the equilibrium moisture content prior compounding (6.5
DAC-40gly and 12 DAC-40gly) the water is kept during the melt com-
pounding at 100 ◦C due to the short residence time (5 min) and the
limited exposure to the environment in the microcompounder.

3.2. Thermal stability assessed by TGA

The materials thermal stability was evaluated using a thermal
gravimetric analysis (TGA) (Fig. 2). An initial isotherm step at 105 ◦C
was conducted to limit the contribution of the evaporating water during
the temperature ramp, in accordance with previous research which has
reported a first weight drop at lower temperatures (below 120 ◦C)
associated with the evaporation of bounded water [33,38–41].

The materials not containing glycerol (DAC and 60 DAC) show two
main decomposition steps (Fig. 2a and b). From the derivative of the
weight percentage as a function of temperature (Fig. 2c and d), two
peaks are observed: one peak at ~276 ◦C can be ascribed to the
decomposition of the amorphous dialcohol cellulose regions, while the
one at ~350 ◦C, to the decomposition of the crystalline cellulose regions
[11]. The material melt compounded using only water as a temporary
plasticizer shows a slight decrease in the onset temperature (Table 3)

and in the decomposition temperatures (Table 3) of the amorphous and
crystalline regions compared to the native DAC.

The materials melt compounded with a fixed moisture (60 phr) but
different glycerol (0,8,18,28, 40 phr) contents show three main
decomposition steps, the first step being related to the glycerol volatil-
ization [33,38,39,41]. From the weight loss curve (Fig. 2a), it is possible
to appreciate the complete thermal volatilization of pure glycerol after
224 ◦C; this is also reflected in a decrease in the onset temperature for
the material containing glycerol. The onset temperatures decrease with
the increase in the glycerol content, but not in a proportional way.
Comparing the experimental and calculated onset temperatures and
weight at 224 ◦C (pure glycerol volatilization temperature)(Table 3), it
is observed how the experimental values are higher compared to the
calculated ones. These results point at an interaction between DAC fibres
and glycerol molecules, which delays the glycerol thermal volatilization.
Glycerol is dispersed in the DAC matrix, which affects its diffusion rate
outside the material. 60 DAC-8gly shows the highest onset temperature,
which is ≈ 14 ◦C and ≈ 11 ◦C lower compared to native DAC and 60
DAC, and ≈ 38 ◦C higher compared to the calculated onset temperature;
the difference between the experimental and calculated onset temper-
atures decreases by increasing the glycerol content. At 224 ◦C, the
weight loss of 60 DAC-8gly is only 33% of the calculated one, and this
percentage increases together with the glycerol content. These results
suggest a stronger interaction between DAC fibres and glycerol

Fig. 2. Weight percentage as function of temperature (a and b), and its derivative (c and d) performed on the native DAC, glycerol and the materials melt com-
pounded with different moisture (60, 12 and 6.5 phr) and different glycerol (0,8,18,28, 40 phr) contents.
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molecules in 60 DAC-8gly, that effectively slow down the glycerol
diffusion. At the highest temperature of the ramp (500 ◦C) (Table 3), the
DAC without glycerol presents the highest residue content, while the
systems containing glycerol show a residue value that decreases together
with increased glycerol content [38]. Those values are slightly higher
compared to the calculated values. From the derivative of the weight
percentage as a function of temperature (Fig. 2c), while 60 DAC-8gly
presents only two peaks, 60 DAC-18gly and 60 DAC-28gly show a
shoulder centred at 228 ◦C and 60 DAC-40gly a peak at 228 ◦C, due to
the presence of glycerol. A glycerol excess can lead some DAC chain to
approach each other, forming hydrogen bonds and showing incomplete
plasticization, which results in the aggregation of some glycerol mole-
cules of which a volatilization peak is observed [38,39]. An increase in
the decomposition temperatures assigned to the glycerol-plasticized
amorphous regions (Td1) (from 274 for 60 DAC up to a maximum of
286 ◦C for 60 DAC-18gly) is observed, due to the establishment of
intermolecular interactions between amorphous DAC and glycerol
which improved the materials thermal stability [38,42].

Comparing the materials melt compounded with the same glycerol
(40 phr) and different moisture (0,8,18,28, 40 phr) contents, some
conclusions can be drawn. The reprocessed material (12 DAC-40gly_rep)
exhibits a weight loss and first derivative curves similar to that observed
for 60 DAC-40gly (Fig. 2b and d). This indicates that the material’s
reprocessing does not have a great impact on thermal stability. The
sample that was compounded without the addition of water (6.5 DAC-
40gly) exhibits significantly enhanced thermal stability compared to

60 DAC-40gly (the 6.5 DAC-40gly onset temperature is ≈ 42 ◦C higher
compared to the one of 60 DAC-40gly) (Fig 2b and d). The reason for this
may be that the glycerol, which was added during compounding, was
not effectively incorporated into the extruded material, resulting in a
lower plasticizer content than the expected value. Consequently, the
material contained less plasticiser, which led to a higher experimental
onset temperature and weight at 224 ◦C (pure glycerol volatilization
temperature) and at 500 ◦C than those calculated and observed for 60
DAC-40gly (Table 3).

3.3. Attenuated total reflection-Fourier transformed infrared spectroscopy

ATR-FTIR analyses (Fig. 3) were performed after the materials con-
ditioning, so that the final moisture contents to be considered are the
ones reported in Table 2.

DAC spectrum shows the peaks characteristic of cellulose for O–H
stretching, C–H stretching, absorbed H2O, CH2 bending in CH2OH, CH2
wagging, C–O-C stretching, C–O stretching and glucose ring stretching
at 3315, 2920–2886, 1647, 1420, 1315, 1106, 1010 and 897 cm− 1

respectively [43–45]. The broad peaks observed at 3315 cm-1 in DAC
and at 3274 cm-1 in glycerol spectra are associated to the O–H
stretching, which could be related to the intensity of the established
inter- and intramolecular hydrogen bonds [46] and with the presence of
strongly bounded water molecules. Absorption band of free hydroxyl
groups cannot be clearly distinguished at 3600 cm− 1, suggesting that the
hydroxyl groups are generally associated with inter- and intramolecular

Table 3
Experimental and calculated onset temperatures (considered as the temperature at which 5% weight is lost), experimental and calculated weight at 224 ◦C and residues
at 500 ◦C, decomposition temperatures Td1 and Td2 (considered as the temperatures in which a peak in the DTG is observed) of the native DAC, glycerol and the
materials melt compounded with different moisture (60, 12 and 6.5 phr) and glycerol (0,8,18,28, 40 phr) contents.

Material Experimental
T5% [◦C]

Calculated
T5% [◦C]

Experimental
weight@ 224

◦
C [%]

Calculated
weight@ 224

◦
C [%]

Experimental
residue@ 500

◦
C [%]

Calculated
residue@ 500

◦
C [%]

Td1 [◦C] Td2 [◦C]

DAC 261 / / / 9 / 276 350
60 DAC 258 / / / 10 / 274 345
60 DAC-8gly 247 209 97 91 10 8 284 335
¡60 DAC-18gly 201 193 92 84 8 7 286 345
60 DAC-28gly 197 186 91 77 8 7 281 337
60 DAC-40gly 178 180 86 70 7 6 280 341
12 DAC-40gly_rep 177 180 86 70 8 6 284 335
6.5 DAC-40gly 220 180 95 70 9 6 280 334
Glycerol 157 / 0 / 0 / 221 /

Fig. 3. ATR-FTIR spectra of the materials melt compounded with fixed moisture content (60 phr) and different glycerol contents (0, 8, 18, 28, 40 phr) and of
glycerol. The spectra are reported in absorbance, and the values are normalized to the 1315 cm-1 peak intensity. This peak is ascribed to the CH2 wagging and selected
as a signal unaffected by the presence of glycerol in the system. Fig. 3a allows for a comparison of the peak’s positions, while Fig. 3b allows for a comparison of the
peak’s intensities.
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hydrogen bonding [46,47]. In the DAC materials containing different
glycerol contents, a shift of the peak at 3315 cm-1 is not observed
(Fig. 3a), meaning that the hydrogen bonds strength does not vary.
However, an increase in the signal intensity can be appreciated by
increasing the glycerol content (Fig. 3b). This could be connected both
to an increase in hydroxyl groups number, due to the addition of glyc-
erol, but also to the rise in the moisture absorption by increasing the
glycerol content (also observed in the moisture content values after
conditioning) [33,38,48]. Two peaks at 2920 and 2886 cm-1 in the DAC
spectrum are associated with the C–H stretching; the same peaks are
observed at 2933 and 2879 cm-1 in the glycerol spectrum. In the DAC
materials containing glycerol, the second peak does not shift. In
contrast, the first peak presents a shoulder at a higher wavenumber, in
agreement with the highest wavenumber observed for this peak in the
glycerol spectrum (Fig. 3a). This confirms the presence of glycerol in the
compositions. The peak at 1647 cm-1 is associated with the vibration of
water molecules absorbed in cellulose. In the DAC materials containing
glycerol, a shift is not observed (Fig. 3a), but an increase in the peak
intensity by increasing the glycerol content could be ascribed to more
bounded water molecules (Fig. 3b).

In the DAC materials containing glycerol, the peaks at 1106 cm-1,
associated with the C–O-C stretching, don’t show any shift. The peaks
observed at 1010 cm-1 in DAC and at 1033 cm-1 in glycerol, associated to
the C–O stretching, shifts to higher wavenumber due to the presence of
increasing glycerol contents (Fig. 3a). The peak at 897 cm-1 in DAC
slowly decreases in intensity while the peak at 925 cm-1

, associated with
C–OH stretching in glycerol molecules, appears and increases in in-
tensity increasing the glycerol content. The intensities of the peaks in the
range between 1150 and 800 cm-1 (Fig. 3b) increases by increasing the
glycerol content. This can be associated with the establishment of in-
teractions between the functional groups of cellulose and the -OH groups
of glycerol [38].

Spectroscopic analyses confirm DAC-glycerol interactions, indicating
the effective plasticization of DAC fibres using glycerol [37], later
confirmed by MDSC, DMTA and tensile test. The increase in absorbed
water by adding glycerol is also confirmed by the increased intensity of

the peak at 1647 cm-1 pointing at an increased water sensitivity due to
the use of glycerol for the DAC plasticization.

3.4. Thermal transitions assessed by temperature-modulated differential
scanning calorimetry

Preliminary tests were performed using a traditional differential
scanning calorimetry test (DSC), which made it difficult to detect ther-
mal transitions, e.g. glass transition temperatures (Tg). Accordingly, a
temperature-modulated DSC was selected. The reverse heat flow
(Fig. 4c) shows the subtraction from the total heat flow of the time and
temperature dependent components (non-reversing heat flow).

Low intensity signals are observed from the total heat flow curves
(Fig. 4a), however, for 60 DAC, 60 DAC-8gly and 60 DAC-28gly,
exothermic steps are visible. Similar steps are also seen around the
same temperature in the non-reversing heat flow. From the reversing
heat flow (Fig. 4c), a step connected to the change in heat capacity
around the Tg is clearly observed. The curves illustrated represent the
second heating curves, wherein it is assumed that the water present after
conditioning has evaporated from the materials (moisture contents after
conditioning for 7 days at 23 ◦C and 50% RH in Table 2). As the glycerol
content increases, the step-related to Tg is observed at decreasing tem-
peratures (from 58 ◦C for 60 DAC to 4 ◦C for 60 DAC-40gly, Table 4). As
demonstrated by ATR-FTIR spectra, glycerol molecules interact with
DAC chains, lowering their intermolecular bonds. These interactions
and a good glycerol dispersion in the matrix lead to a plasticizing effect
which is reflected in the gradual decrease in Tg by adding increasing
glycerol contents [49–51].

It is worth noting that in the range of scanned temperatures, only a
single transition is visible in the thermograms of the tested materials.
Glycerol glass transition occurs at lower temperature compared to the
ones used for the test (Tg glycerol ~ − 86 ◦C [52]), therefore, a transition
connected to a glycerol phase separation, or a glycerol-rich phase are not
detectable in this temperature range [53,54]. In a previous work re-
ported by Östberg et al. [55], an endothermic peak is observed at a lower
temperature during the first heating ramp when moisture content in

Fig. 4. Total (a), non-reversing (b) and reversing heat flow (c) as a function of temperature obtained by MDSC performed on glycerol and the materials melt
compounded with fixed moisture (60 phr) and different glycerol (0,8,18,28, 40 phr) contents.
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wood materials is increased. This peak must involve some other phe-
nomenon in addition to the glass transition reversing event, such as
non-reversing events like enthalpic relaxation [56]. In this study, the
exothermic step observed in the non-reversing heat flow (Fig. 4b) can
also be ascribed to some time-dependent events observed above the Tg
due to the rearrangement of the fibres.

3.5. Thermo-mechanical properties

3.5.1. Viscoelastic behaviour assessed by dynamic mechanical thermal
analysis (DMTA)

The viscoelastic behaviour of the plasticized DAC systems has been
evaluated through dynamic mechanical thermal analysis (DMTA) (Fig
5a and b).

Adding a plasticizer leads to a decrease in the storage moduli at every
temperature (Fig. 5a, Table 4) due to the softening action of glycerol.
Lower storage moduli are observed by adding more glycerol to the

Table 4
Tg extrapolated from the flexural points of the reversing heat flow by MDSC. Young’s modulus, stress at break and elongation at break obtained by tensile test analysis.
storage modulus at three different temperatures (− 30, 30 and 150 ◦C) and alpha transition temperatures Tα (~Tg,) obtained evaluating the variation of the storage
modulus and of the tanδ in a temperature ramp during DMTA. The tests were performed on the materials melt compounded with different moisture (60, 12 and 6.5 phr)
and glycerol (0,8,18,28, 40 phr) contents.

Material Tg [◦C] Young’s Modulus [MPa] Stress at break [MPa] Elongation at break [%] E-20
◦
C [MPa] E30

◦
C [MPa] E150

◦
C [MPa] Tα [◦C]

60 DAC 58 487 ± 40 14.8 ± 1.0 43 ± 2 8134 ± 183 2200 ± 52 85 ± 14 35 ± 2
60 DAC-8gly 48 247 ± 23 11.5 ± 0.6 61 ± 7 5310 ± 870 681 ± 160 57 ± 8 22 ± 4
60 DAC-18gly 28 118 ± 8 7.4 ± 0.2 77 ± 2 2966 ± 700 181 ± 41 41 ± 4 6 ± 1
60 DAC-28gly 21 10 ± 2 2.2 ± 0.3 55 ± 4 514 ± 52 35 ± 0,5 18 ± 2 − 0,5 ± 0,5
60 DAC-40gly 4 6 ± 3 1.8 ± 0.3 46 ± 6 285 ± 20 27 ± 2 17 ± 1 − 6 ± 0,2
12 DAC-40gly_rep / 2.7 ± 0.2 0.4 ± 0.1 18 ± 1 / / / /
6.5 DAC-40gly / 1.7 ± 0.6 0.2 ± 0.1 9 ± 3 / / / /

Fig. 5. Representative variation of storage modulus (a) and tanδ (b) with increasing temperature for the materials melt compounded with fixed moisture (60 phr)
and different glycerol (0, 8, 18, 28, 40 phr) contents. Representative strain-stress curves (c) for the materials with melt compounded with different moisture (60, 12
and 6.5 phr) and glycerol (0,8,18,28, 40 phr) contents.
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system (from 2200 MPa for 60 DAC to 27 MPa for 60 DAC-40gly at 30
◦C). The glycerol molecules decrease the intermolecular interactions
between DAC chains, helping their mutual sliding, observed by the
decrease in the Tα (~ Tg), obtained from the peaks in the tan δ curves
(Fig. 5b, Table 4). Tα decreases together with the glycerol content in-
crease [51,57] (from 35 ◦C for 60 DAC to of − 6 ◦C for 60 DAC-40gly).
Also in this case, only one transition is visible in the tested materials,
and corresponding a decreased glass transition of the DAC, because the
starting temperature at which the test was performed is not low enough
to observe a transition connected to glycerol phase separation or to a
glycerol-rich phase [53,54]. The different glass-rubber transition tem-
peratures obtained from MDSC and DMTA tests are related to the fact
that DMTA tests are performed on samples containing moisture after
conditioning (Table 2) and the plasticizing effect of water is observed at
lower transition temperatures than the ones observed from MDSC. In
addition, the two tests are based on different principles, so the tem-
peratures obtained are not directly comparable. However, the variation
of Tα and Tg by inserting different glycerol contents are consistent.
Overall, the decrease in the glass-rubber transition temperature repre-
sents an increase in the system mobility, which is in agreement with the
observed lower in-line melt viscosities during compounding (Fig. 1),
corresponding to an improved melt processability of the systems. It is
worth noting that the storage moduli show a plateau at high tempera-
tures (above 100 ◦C). This behaviour can be ascribed to the
semi-crystalline structure of the system [57] or to the presence of a
network due to multi-hydrogen bond interactions that is only partially
affected by the action of increasing temperature. The network is affected
by the presence of increasing content of glycerol, as the storage moduli
at the plateau decrease by increasing the glycerol content.

3.5.2. Tensile test
All the materials present a strain hardening typical of elastomers up

to break due to the alignment of the fibres in the stretching direction.
The plasticizing effect of glycerol is observed from the decrease in
Young’s modulus (from 487 for 60 DAC to 6 MPa for 60 DAC-40gly) and
tensile strength (from 14.8 for 60 DAC to 1.8 MPa for 60 DAC-40gly)
increasing the glycerol content (Table 4). The tensile behaviour can be
also ascribed to the glycerol ability of diminishing the strong intra-
molecular interactions between the DAC chains, together with the for-
mation of hydrogen bonds between glycerol and DAC chains. Similar
trends can be found in other works reporting glycerol effect on the
mechanical properties of different materials, in particular cellulose de-
rivatives and starch from different sources [37,46,51,58–64]. The
plasticizing effect of glycerol is also observed in an increase in the
elongation at break (from 43% to 77%) (Table 4). Glycerol reduces the
rigidity and promotes deformability of DAC materials allowing more
chain mobility. As reported by Zavareze et al. [65] the elongation of
polymeric materials depends on the mobility of their molecular chains.
It should be noted that the plasticizing effect is not limited to glycerol,
but also applies to the water present in the material at equilibrium.
Differently from the results reported in different studies [37,46,58–60],
the elongation doesn’t increase together with the glycerol content [51,
61–64] as for 60 DAC-28gly and 60 DAC-40gly is observed a drop in the
deformability (from a maximum of 77% for 60 DAC-18gly to 55% and
46% for 60 DAC-28gly and 60 DAC-40gly). Adding an excess of plasti-
cizer leads the material to became too soft so that no strain hardening
stabilizes the material’s structure [64]. Another reason is a possible
glycerol segregation which allows for faster propagation of cracks [51,
64]. This phenomenon occurs when the glycerol concentration over-
comes its miscibility in the DAC, causing phase separation [51]. The
discussed results demonstrated that glycerol can be successfully used as
a plasticizer for DAC, but after a certain amount there is a drop in the
materials properties.

It is worth comparing the three materials containing the same glyc-
erol content (60 DAC-40gly, 12 DAC-40gly_rep and 6.5 DAC-40gly). The
material melt compounded adding glycerol and water presents the

highest mechanical properties (Young’s modulus 6 MPa, stress at break
1.8 MPa, elongation at break 46%); these results could be connected to
the thermo-mechanical stresses imposed on the materials during com-
pounding. 60 DAC-40gly shows the lowest melt viscosity during com-
pounding (Fig. 1), leading to lower shear stresses imposed on the
material. By removing the added water (6.5 DAC-40gly) a strong in-
crease in the in-line melt viscosity (i.e. higher shear stresses imposed on
the fibres) is observed. As previously reported in another work [11], as
DAC is composed of fibres, the shearing effect strongly influence the
fibres structural properties, and the prevalent fibre shortening in turn
leads to a decrease in the material’s mechanical properties (Young’s
modulus 1.7 MPa, stress at break 0.2 MPa, elongation at break 9%). This
effect is also observed in the reprocessed material (12 DAC-40gly_rep).
While reprocessing doesn’t strongly affect the thermal decomposition
properties of the material, the shear stresses imposed on the fibres re-
sults in a change in fibres structure and shortening, which consecutively
reflect in decreased mechanical properties (Young’s modulus 2.7 MPa,
stress at break 0.4 MPa, elongation at break 18%). Even if the melt
viscosity during compounding doesn’t reach the high values seen for 6.5
DAC-40gly, it must be remembered that the material has been processed
twice, with shear stresses being applied to the fibres. In any case, the two
processes that 12 DAC-40gly_rep has undergone still result in higher
mechanical properties than 6.5 DAC-40gly, where the high shear
stresses imposed during compounding have had a larger detrimental
effect.

3.6. Cryo-fractured surfaces morphology assessed by scanning electron
microscopy (SEM)

The investigation of the materials’ morphologies was conducted
through scanning electron microscopy on cryo-fractured surfaces, with
the results presented in Fig. 6.

DAC melt processing without the addition of glycerol results in a
smooth and uniform surface, typical of a brittle fracture (Fig. 6a). It is
important to note that the inherent core-shell structure of DAC fibres
cannot be observed due to the good interpenetration between the fibres
upon solidification, which is a result of the higher mobility on the melt of
the amorphous, thermoplastic shell. Nevertheless, at higher magnifica-
tions (1.0 kX), a textured surface becomes evident, which may be
indicative of the presence of a fibre that was removed during the frac-
ture. Additionally, at higher magnifications the surface displays the
emergence of fibre heads (1.0 kX), thereby corroborating the fibrous
nature of the material. The addition of glycerol to the system resulted in
the observation of some pores on the surface (Fig. 6a). At higher mag-
nifications (1.0 kX), the presence of fibres and their morphology was
clearly discernible within some of the observed pores. The striation
observed on the fibre surface is recognisable in areas of the surfaces
where fibres have been extracted, as previously observed in 60 DAC. To
elucidate the mechanical behaviour observed in the tensile test, a po-
tential explanation for the reduction in elongation at break following the
addition of an excess of glycerol could be provided by considering the
possibility of a glycerol phase separation [51,64]. However, higher
porosity with an excess of glycerol (60 DAC-40gly compared to 60
DAC-18gly) would have been expected, which is not visible. The regis-
tered decrease in elongation at break can be also ascribed to a phase
inversion due to the different viscosities of phase separated DAC and
glycerol at the processing temperature, which leads to a too soft and
unstable material [64].

A comparison of the surfaces of the materials melt-compounded with
the same glycerol content was investigated (Fig. 6b). The reprocessed
material (12 DAC-40gly_rep) exhibits a higher porosity in comparison to
60 DAC-40gly. This phenomenon may be attributed to the migration of
glycerol during the second melt compounding. These findings elucidate
the subsequent decline in mechanical properties. Furthermore, the ma-
terial melt compounded without any added water (6.5 DAC-40gly) also
exhibits a slight increase in porosity in comparison to 60 DAC-40gly. The
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elevated shear stresses imposed on the fibres due to the high viscosities
observed during processing, coupled with the lower absorption of
glycerol by DAC in comparison to the absorption of a water-glycerol
solution, would lead to the incipient glycerol phase separation, ulti-
mately resulting in a reduction in mechanical properties.

4. Conclusions

This study explored the possibility of replacing water with glycerol,
as an alternative hydrophilic green plasticizer for stable primary and
secondary shaping of thermoplastic dialcohol cellulose (DAC) fibres.
The aim is to obtain materials whose properties are less affected by the
moisture content (that depends on the environmental conditions, e.g.
temperature, relative humidity) than water plasticized DAC fibres. A
degree of modification of 46% from cellulose fibres to DAC was chosen
for the study, and moisture and glycerol contents varied, for highlighting
the neat effect of water vs. glycerol interaction with DAC fibres during
and after the compounding and injection moulding at constant pro-
cessing parameters.

From the in-line melt viscosity during compounding, the addition of
increasing glycerol has an impact on reducing the melt viscosities,
improving the material’s melt processability. Once the glycerol addition
exceeds a certain threshold (above 18 phr), the reduction in melt vis-
cosity is no longer evident, pointing at a saturation threshold for the use
of glycerol as an effective plasticizer. By thermogravimetric analysis,
can be observed that even if the DAC onset temperature is reduced by
the addition of glycerol, this has the effect of enhancing the thermal
stability of the DAC amorphous phase (from 274 ◦C for 60 DAC to a
maximum of 286 ◦C for 60 DAC-18gly), indicating DAC-glycerol strong
interactions. These interactions are also confirmed by FTIR spectra,
through increased water absorption following the addition of the hy-
groscopic glycerol to the system.

The glass-rubber transition temperatures, evaluated by MDSC and
DMTA, decrease by increasing the glycerol content, demonstrating
glycerol plasticizing effect, which after a certain amount intercalates
between DAC fibres depleting fibre-fibre mutual interactions. The
plasticization is also observed from the changed thermo-mechanical and
tensile properties, evaluated from DMTA and tensile test. The increasing
glycerol content results in a decrease in the material’s elasticity
(decrease of storage and Young’s moduli), stress at break, and in an
increase in the elongation at break. Nevertheless, the enhancement in

deformability is not linear with the glycerol addition. The results
showed that exceeding a certain threshold of added glycerol (above 18
phr) led to a reduction in the overall mechanical properties. The
morphological analysis of cryo-fractured surfaces of glycerol plasticized
DAC after the glycerol saturation threshold (>18 phr) was not conclu-
sive for explain the registered drop in the mechanical properties due to
glycerol phase separation. A possible formation of inter-fibre glycerol
layer, hindering fibre-fibre mutual interactions, and/or a phase inver-
sion could also explain the decrease of mechanical performance of
oversaturated glycerol plasticized DAC fibre systems.

For comparison, DAC fibres were melt-processed by using only the
DAC fibre moisture at the equilibrium (6.5 DAC-40gly), without the
addition of fresh water. This resulted in drastically higher melt viscos-
ities, necessitating significant quantities of glycerol (40 phr) to enable
the melt processing. High viscosities, i.e. high shear stresses imposed on
the material during compounding, result in reduced mechanical
properties.

Furthermore, the feasibility of post-industrial mechanical recycling
of the DAC fibres processed with the higher moisture and glycerol
contents (12 DAC-40gly_rep) has been demonstrated. The reprocessing
leads to a reduction in the material’s final mechanical properties,
without a significantly impact on its thermal stability. The decrease in
the mechanical performance can be ascribed to the additional shear
stresses in temperature to which the system is subjected during the
recycling, which presumably influences the fibre structure, i.e.
shortening.

In conclusion, to guarantee a reliable thermoplastic material that
possesses high thermal stability, and increased deformability at the ex-
penses of a moderate reduction in elasticity, the addition of glycerol up
to a saturation point (about 18phr) should be considered. Water should
be added to assist the DAC melt compounding, allowing the addition of
lower glycerol contents and limiting the shear stresses imposed on the
material, therefore preventing a detrimental effect on the final me-
chanical performance.
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